Abstract: We present electroabsorption modulators integrated with distributed feedback lasers (EMLs) fabricated by a simple method, which combines the advantages of the selective area growth and double stack active layer techniques. The obtained EML device has a threshold current as low as 16 mA and optical power of larger than 10 mW at 85 mA laser current. Quite low chirp parameter of the fabricated EMLs is obtained. Negative chirp parameters can be obtained at only about 0.5 V reverse bias voltage. Open eye diagrams are demonstrated from the EML at both 10 and 20 Gb/s modulations with the driving voltage of only 0.65 V while securing high dynamic extinction ratio. The exhibited performance makes our device a very promising candidate as a simple light source in long distance and cost sensitive applications.
Introduction
Due to the explosive increase of data traffic, low-cost large-capacity optical communication systems are urgently needed. Lasers based on different material systems [1] - [12] are key components in these systems. Electroabsorption modulator (EAM) integrated distributed feedback (DFB) lasers (EMLs) have been deemed as an appropriate candidate for such optical communication systems especially in the long haul case due to their advantages of low chirp, compactness, low cost, low driving voltage and high stability [3] - [12] . Currently, commercially available EMLs are usually fabricated by either the butt-joint technique [5] , [9] , [10] or the selective area growth (SAG) technique [4] , [11] , [12] . In the butt-joint technique [9] , [10] , the EAM multi-quantum well (MQW) material is butt-jointed with the laser material in a separated epitaxy run, so the EAM material can be optimized separately. However, the butt-joint growth conditions needs to be optimized carefully to obtain a high quality interface between the laser and butt-jointed materials. In conventional SAG processes [11] - [14] , both the laser and modulator materials can be obtained in a single epitaxy run, simplifying the fabrication process significantly. However, the parameters of the MQW materials for high performance EAMs and laser diodes (LDs) cannot be optimized at the same time.
For fabricating high quality EMLs, we developed a process which combines the advantages of the SAG technique and the double stack active layer technique. As shown in Fig. 1 , pairs of dielectric masks are formed in the EAM areas in the process, which is contrary to the usual SAG method [12] . Then, the EAM MQWs and the LD MQWs are grown successively in a single metal-organic chemical vapor deposition (MOCVD) growth on the patterned substrate. After the growth, the LD MQWs in the EAM areas are selectively etched off by the usual photolithography and wet etching, leaving only the EAM MQWs in the EAM section. Similar to the usual SAG technique, only one epitaxy run is needed to get both the modulator and laser MQWs. What makes it different is that, the successive growth of the EAM MQWs and LD MQWs makes it easy to optimize the two kinds of MQW material separately, which is similar to the double stack active layer technique. Because the SAG masks are placed in the EAM section, the bandgap wavelength of the bottom MQWs in the laser section can be set as being over 100 nm shorter than the upper laser MQWs, reducing the effects of the bottom MQWs on the laser performance greatly.
In this paper, we present low chirp operation of EMLs fabricated by the process which combines the SAG and double stack active layer techniques. Negative chirp parameters can be obtained at only about 0.5 V reverse bias. Open eye diagrams are demonstrated from the EML at both 10 and 20 Gb/s modulations.
Device Design and Fabrication
MOCVD is used for the growth of the EML material. Details of the material growth and device fabrication procedures can be found in reference [15] . The schematic structures of the fabricated device and the scanning electron microscope (SEM) image are shown in Fig. 1 . The photoluminescence wavelength of the laser MQWs is 1.55 μm. The laser MQWs consist of 6 compressively strained InGaAsP wells (+1.1 × 10 −2 ) and 7 tensile strained InGaAsP barriers (−3 × 10 −3 , λ PL = 1.2 μm). The EAM MQWs also have a strain compensated structure. By optimizing the parameters of the quantum wells and barriers, the height of the valance band offset is reduced to obtain a low chirp parameter of modulator [16] , without damaging the extinction properties of the EAM notably. The modulator MQWs consist of 10 compressively strained InGaAsP wells (+1.1 × 10 −2 ) and 11 tensile strained InGaAsP barriers (−3 × 10 −3 , λ PL = 1.2 μm) and have a 1.50 μm PL wavelength in the EAM section. Before the material growth, SiO 2 SAG mask stripes are first formed on the substrate in the EAM areas of the wafer. During the following MOCVD growth, no material is nucleated and grown on the masks and material deposition happens only in the area where there is no SiO 2 mask. The growth rate of the MQWs between the masks, which is used as modulator material, is enhanced and the composition of the material is also different from that on bare substrates. As a result, the emission wavelength of the modulator MQWs in the DFB areas is shorter than that of the MQWs in the modulator region, where there are no masks. The geometry of mask patterns including mask width and separation can be used to tune the above wavelength difference, which is 50 nm in our device. Thus the EAM MQW in the laser section is 1.45 μm, which is about 100 nm shorter than that of the laser MQWs, helping to lower their effects on the laser performance. The schematic material structures of the LD section and EAM section are shown in fig. 2 . Grating with a period of 242.5 nm is formed in the 140 nm InGaAsP layer above the laser MQWs in the laser section as shown in Fig. 1. (c) by holographic exposing and dry etching. The coupling coefficient is 58.9/cm.
The length of the total device is 500 μm, consisting of a 300-um laser section and a 150-μm EAM. A 50-µm isolation trench is inserted between the two parts to avoid electrical crosstalk. A 3-μm ridge waveguide is adopted for both the DFB laser and the EAM. Before testing, dielectric high reflection (>70%) coating and anti-reflection (<1%) coating layers are deposited on the laser facet and modulator output facet, respectively.
Device Measurements and Discussions
The device is sintered on an AlN heat sink and the temperature is controlled at 20°C by a thermoelectric cooler (TEC). Fig. 3(a) shows the typical light output power from the EAM facet as a function of injection current (L-I) of DFB laser when the EAM is zero biased. As can be seen, the threshold current of the device is 16 mA. And the output power is larger than 10 mW at an injection current of 85 mA. A typical optical spectrum of the fabricated EML is shown in Fig. 3(b) . When the injection current of the laser is set at 64 mA, the wavelength of the light is 1552.28 nm. The side band suppression ratio (SMSR) of the spectrum is larger than 53 dB. As shown in the figure, there are multiple peaks on the sides of the emission, which might be related to the interface between the DFB laser and EAM and has also been observed in an EML fabricated by butt-joint technique [17] . Light transmission in our EML device is simulated with beam propagation method (BPM). It is shown that the transmission loss related to the interface between the EAM and DFB laser is less than 3%. The light reflection from the interface should then be smaller than 3%, because part of the light loss is deflected out of the waveguide. The far field distribution measured from the EAM facet is shown in Fig. 4 . The divergence angles (full width at half maximum (FWHM)) are 34.2°and 47.3°in the horizontal and vertical directions, respectively. Fig. 5(a) shows the static extinction ratio of the device as a function of the EAM reversed bias voltage when the current of the DFB laser is set at 64.5 mA. As can be seen, over 30 dB static extinction ratio can be obtained at −5 V EAM bias. A 50 GHz network analyzer is used for measuring the small signal frequency response of the modulator. The obtained E/O response at different EAM bias voltage is shown in Fig. 5(b) . The small signal 3 dB bandwidth increases from 6 to 10 GHz when the bias voltage is increased gradually from 0.4 to 2 V. As can be seen from the figure, there is response decay at low modulation frequencies for some bias conditions, whose effects on the device performance are not clear by now. Fortunately, the decay is shown only when the bias voltage is larger than 0.8 V. Clearly opened eyes can be observed when the biased voltage is 0.65 V and it will be shown below.
The chirp parameter of the modulator is obtained by the fiber peak method [18] . The EML device is modulated by a 50 GHz network analyzer. The modulated optical signal shows a phase modulation due to the chirp of the modulator. After transmission in a 25-km standard single mode fiber (SMF), there are some fading points in the small signal response curve as shown in Fig. 6(a) . Chirp parameter can be extracted by counting the frequencies and orders of resonances [18] . Fig. 6(b) shows the reverse bias voltage dependence of the chirp parameter at four different DFB laser currents. It can be seen that negative chirp parameters can be obtained when the reverse voltage is larger than 0.5 V at all cases. This voltage is lower than that reported in previous papers [4] , [5] , [7] , [11] , [19] , showing superiority of the proposed technique because a lower bias voltage applied to EAM means a larger output power since the insertion loss in EAM is reduced. Therefore, the low chirp parameter and larger output power both guarantee a long transmission distance. The chirp parameter decreases more rapidly as the laser wavelength approches the absorption edge of the EAM [16] , which is redshifted as the reverse bias is increased. This results in the obvious drop of the chirp parameter after 1.5 V reverse bias as shown in Fig. 6(b) .
The eye diagrams of the chip are measured when the modulator is modulated with non-return to zero (NRZ), 2 31 − 1 pseudorandom bit stream (PRBS) signal at 10 and 20 Gb/s. The modulator reverse bias voltage is 0.65 V and the laser current is 64 mA. The RF voltage swing is 2.7 V pp . The modulated light power from the chip is about 2 mW. The 10 Gb/s eye diagrams in back to back (BTB) configuration and after 25-km transmission on SMF are shown in Fig. 7(a) and (b) , respectively. Clearly opened eyes can be obtained under both the conditions. The dynamic extinction ratios (DER) are larger than 9 dB for both the BTB and 25-km transmission conditions. Fig. 7 We compare the performance between the EML in this paper and an EML we have fabricated with the butt-joint technique as shown in [20] . The active MQWs of the DFB section of the butt-joint EML have all the same parameters as the device in the present manuscript, but having symmetric separate confinement heterostructure (SCH) layers. Except 6 wells, the MQWs of the EAM of the EML also have the same parameters as the modulator MQWs in the present device. Besides, both the EMLs have the same ridge width and section lengths. It is shown that the presence of the EAM MQWs below the active MQWs leads to some degradation of the device performance. The threshold current is increased from 13 mA to 16 mA and the output power is decreased from 11 mW to 9 mW at 80 mA DFB current.
Conclusion
EMLs are fabricated by a novel method which combines the advantages of the selective area growth (SAG) and double stack active layer techniques. The successive growth of the EAM MQWs and laser MQWs makes it easy to optimize the two kinds of MQW material separately. Because the SAG masks are placed in the EAM section, the bandgap wavelength of the bottom MQWs in the laser section can be over 100 nm shorter than the upper laser MQWs, reducing the effects of the bottom MQWs on the laser performance greatly, which is difficult to be realized in conventional double stack active layer techniques. Negative chirp operation of the obtained EMLs can be obtained at only about 0.5 V reverse bias. And open eye diagrams are demonstrated from the EML at both 10 and 20 Gb/s modulations with a driving voltage of only 0.65 V. The device proves to be a promising candidate for cost effective and energy-efficient transmitters used in long distance transmission.
